Introduction {#s1}
============

GTPases are widely distributed among prokaryotes, archaea, and eukaryotes. They play critical roles in protein translation, protein translocation, and signal transduction ([@CIT0008]; [@CIT0040]). GTPases generally cycle between a GDP-bound inactive state and a GTP-bound active state, and the accompanying conformational changes are crucial for their function as molecular switches in diverse cellular processes. GTPases contain conserved sequence motifs called the G motifs (G1--G5), which are crucially involved in guanine nucleotide binding, catalysis, and effector binding.

The universally conserved bacterial GTPases play important roles in ribosome function, including ribosome biogenesis and protein translation ([@CIT0008]; [@CIT0040]). However, except for a few GTPases that belong to translation machinery, the regulatory mechanisms for most GTPases that function as ribosome assembly factors are still poorly understood. Among these bacterial GTPases, Era has been implicated in 30S ribosome assembly, cell cycle regulation, and energy metabolism ([@CIT0001]; [@CIT0027]; [@CIT0040]). Era binds to 16S ribosomal RNA and 30S ribosome subunits *in vitro*; recently, the ribosome-binding mechanism of Era with its GTP-binding domain and K-homology domain has been characterized ([@CIT0010]; [@CIT0034]). Obg co-sediments with 30S and 50S ribosome subunits and interacts with 16S and 23S rRNAs and with specific ribosomal proteins in a GTP-dependent fashion ([@CIT0031]). Obg plays a role in ribosome assembly and has additional functions in stress response, sporulation, and DNA replication ([@CIT0019]; [@CIT0040]). DER (EngA, YphC, or YfgK) is an essential GTPase with a unique structure: it contains two tandemly repeated GTP-binding domains followed by a unique C-terminal domain ([@CIT0030]). The GTPase activities of both GTP-binding domains are indispensible for cellular functions of DER in *Escherichia coli* ([@CIT0005]). DER interacts with 50S ribosome subunits in a GTP-dependent manner, and DER deficiency results in the accumulation of rRNA precursors and an aberrant ribosome profile ([@CIT0014]). DER-deficient *E. coli* cells contain 50S subunits that lack ribosomal proteins L16, L27, and L36, indicating that DER plays a role in biogenesis and stability of the 50S subunit ([@CIT0014]). DER has also been proposed to have a role in chromosome segregation, stringent response, and cell-wall assembly ([@CIT0015]; [@CIT0040]).

Homologues of bacterial GTPases are found in plants as organellar GTPases. The Era homologue ERG of *Antirrhinum majus* (snapdragon) is required for embryonic development and, during postembryonic growth, the gene is preferentially expressed in metabolically active cells ([@CIT0017]). ERG regulates plant growth, possibly by controlling mitochondrial division. The Obg homologue OBGC of *Arabidopsis thaliana* is localized in the stroma and inner envelope membrane and appears to be associated primarily with ribosome biogenesis processes in chloroplasts ([@CIT0002]). Rice OsNOA1/RIF1, a homologue of bacterial YqeH GTPase, is targeted to chloroplasts and its RNAi mutant contains a reduced level of plastid-encoded proteins and nuclear-encoded chloroplast protein complexes ([@CIT0024]). Taken together, these results suggest essential functions in plant organelles for the conserved nuclear-encoded GTPases of prokaryotic origin.

This study determined the *in vivo* functions of DER in higher plants. DER homologues are found only in bacteria and plants, and the plant DER protein is targeted to chloroplasts. Plant DER proteins have two GTP-binding domains in tandem, and both of the domains have GTPase activity. Virus-induced gene silencing (VIGS) of DER in *Nicotiana benthamiana* results in defects in rRNA processing and ribosome biogenesis in chloroplasts. The possible roles of plant DER during chloroplast development are discussed.

Materials and methods {#s2}
=====================

Virus-induced gene silencing {#s3}
----------------------------

Functional genomics using tobacco rattle virus (TRV)-based VIGS was carried out in *N. benthamiana* as described ([@CIT0011]; [@CIT0021]; [@CIT0018]). Various NbDER cDNA fragments were amplified by PCR and cloned into the pTV00 vector containing part of the TRV genome ([@CIT0011]) using *Bam*HI and *Apa*I sites. The recombinant pTV00 plasmids and pBINTRA6 vector containing RNA1, which is required for virus replication, were separately transformed into *Agrobacterium tumefaciens* GV3101. The third leaf of *N. benthamiana* (3-week-old plants) was pressure-infiltrated with the *Agrobacterium* suspension. The fourth leaf above the infiltrated leaf was used for real-time quantitative reverse-transcription (RT)-PCR to detect gene silencing.

*Agrobacterium*-mediated transient expression {#s4}
---------------------------------------------

Agroinfiltration was carried out as described previously ([@CIT0041]). Agrobacterial cultures (GV3101) containing various constructs fused to the CaMV35S promoter were adjusted to OD~600~ 0.6 in MES buffer (10mM MES, pH 7.5, 10mM MgSO~4~). The suspension was incubated with acetosyringone for 2--3h at a final concentration of 150 μM, and infiltrated into leaves of wild-type *N. benthamiana* plants. In all experiments, *Agrobacterium* C58C1 carrying the 35S:p19 construct ([@CIT0041]) was coinfiltrated to achieve maximum levels of protein expression. Expressed proteins were analysed at 48h post-infiltration.

Real-time quantitative RT-PCR {#s5}
-----------------------------

Real-time quantitative RT-PCR was carried out as described previously ([@CIT0018]). The primer sets used for detection of endogenous DER transcripts are given in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1) (available at JXB online).

RNA gel blot analysis {#s6}
---------------------

For RNA gel blot analysis, total RNA was prepared with TRIzolTM Reagent (Gibco-BRL) following the manufacturer's instructions. RNA gel blot analyses were performed with approximately 20 μg total RNA as described previously ([@CIT0018]). To generate probes, cDNAs were amplified by PCR using published sequences and cloned for sequence verification. Probes were labelled with a DecaLabel DNA Labeling Kit (Thermo Scientific). The primer sets used for PCR amplification of the probes and the probe sizes are detailed in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1).

DAPI staining {#s7}
-------------

DAPI staining and detection by confocal laser scanning microscopy was performed as described in [@CIT0011].

Confocal microscopy for subcellular localization of NbDER {#s8}
---------------------------------------------------------

NbDER cDNAs corresponding to the full-length coding region (from Met-1 to Ala-651) and the N-terminal transit peptide (from Met-1 to Ser-60) were cloned into the sGFP plasmid ([@CIT0011]) to generate NbDER:GFP and TP:GFP fusion proteins, respectively. The GFP fusion constructs, alone or in combination with STF:RFP ([@CIT0018]) and SiR:RFP constructs ([@CIT0021]), were introduced into protoplasts isolated from *N. benthamiana* seedlings as described previously ([@CIT0011]). After 24h, expression of the GFP and RFP fusion constructs was monitored by confocal laser scanning microscopy (LSM 510, Carl Zeiss).

Transmission electron microscopy {#s9}
--------------------------------

Cotyledons and leaves were fixed with 2.5% (v/v) glutaraldehyde and with 1% osmium tetraoxide, followed by dehydration through an ethanol series, and embedded in Spurr's resin (EM Sciences, USA). Thin sections were prepared with a LKB III ultramicrotome and stained sequentially with 5% uranyl acetate and 3% lead citrate, and observed under a JEOL 1200 EXII transmission electron microscope.

Immunoblotting {#s10}
--------------

Membrane preparation and Western blotting were performed according to the manufacturer's instructions using polyclonal rabbit antibodies against rbcL, cyt f, D1, and atpB (1:5000, 1:3000, 1:10 000, and 1:5000 dilution, respectively; Agrisera), and horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies (1:5000 dilution; GE Healthcare). Signals were detected using an electrochemiluminescence kit (Amersham Pharmacia) on Kodak X-ray films. Signal intensities were quantified using the Analysis Life Science Research imaging system (Olympus).

Chloroplast fractionation and NbDER localization {#s11}
------------------------------------------------

The NbDER:GFP construct was agroinfiltrated into leaves of *N. benthamiana* plants. After 48h, chloroplast stroma and thylakoid membrane fractions were prepared from the infiltrated leaves as described previously ([@CIT0023]). The supernatant and pellet fractions were analysed by SDS-PAGE and immunoblotting using the polyclonal antibodies against GFP (Clontech; 1:3000), rbcL (Agrisera; 1:5000), and D1 (Agrisera; 1:10 000) as described previously ([@CIT0018]).

Purification of recombinant proteins {#s12}
------------------------------------

To purify recombinant proteins of NbDER and its mutants for GTPase assays, the corresponding NbDER cDNA fragments were PCR-amplified and cloned into the pMAL^TM^c2 or pMAL-c2 vector (New England Biolabs). The MBP fusion proteins were purified using amylose resin following the manufacturer's instructions (New England Biolabs). Purified proteins of MBP:NbDER, MBP:PM1, MBP:PM2, and MBP:PM1/2 were concentrated using Amicon Ultra Centrifugal Filters (Millipore). To purify MBP:CTD for RNA-binding assays, the NbDER cDNA fragment corresponding to amino acid residues 520--651 was amplified by PCR and cloned into the pMAL^TM^c2 or pMAL-c2 vector (New England Biolabs).

RNA binding assay {#s13}
-----------------

To prepare 16S and 23S rRNA, the cDNAs encoding full-length 16S and 23S rRNA were cloned into the pGEM T-easy vector. The constructs were digested with *Bam*HI restriction enzyme, and RNAs were prepared by *in vitro* transcription using T7 RNA polymerase (Promega). For RNA binding assays, the RNA substrates were incubated with the purified recombinant MBP fusion proteins in binding buffer (10mM Tris-HCl, pH 7.5, 50mM NaCl, 1mM EDTA, 7.4% glycerol) on ice for 30min. The reaction mixtures were loaded on 0.8% agarose gel, and RNA bands were visualized by UV light after ethidium bromide staining or by PhosphorImager (GE Healthcare Life Sciences). For EMSA competition assays, 25 pmol of the recombinant proteins were incubated with variable ratios of radiolabelled (200ng) and unlabeled RNAs, ranging from 1:0 to 1:20. A sequence-nonspecific ^33^P-labelled RNA substrate (\~160 nucleotides in length) was prepared by transcribing *Bam*HI-digested pET-22b(+) plasmid using T7 RNA polymerase as described previously ([@CIT0018]). For RNA--protein interaction analysis, the labelled sequence-nonspecific RNAs (30ng) were incubated with purified recombinant proteins in binding buffer (10mM Tris-HCl, pH 8.0, 50mM NaCl, 1mM EDTA, and 7% glycerol) for 30min on ice. The mixture was separated on 6% non-denaturing polyacrylamide gel, and RNA bands were detected by PhosphorImager.

GTPase assay {#s14}
------------

The turnover rate (*k* ~cat~) of recombinant proteins of NbDER and its mutants was measured as described previously ([@CIT0016]). A reaction mixture containing 3 μM recombinant proteins and 1mM GTP in GTPase assay buffer (20mM HEPES pH 8, 1mM MgCl~4~, 0.5mM DTT, and 1mM NaN~3~) was incubated at room temperature for 18h. The released phosphate was quantified using the Biomol green reagent (Biomol Research Laboratories) according to the manufacturer's protocol. The catalytic constant was derived from the equation *k* ~cat~ = *V* ~max~/*C* ~recombinant\ protein~.

Sucrose density gradient analysis {#s15}
---------------------------------

GFP-fusion proteins of NbDER and its variants were expressed in *N. benthamiana* leaves by agroinfiltration, and the leaf extracts were fractionated through 15--55% sucrose density gradients as described previously ([@CIT0003]; [@CIT0045]). Proteins extracted from the fractions were separated by SDS-PAGE and subjected to immunoblotting with anti-GFP antibodies (Clontech) and anti-RPL10 antibodies (Santa Cruz Biotechnology).

For polysome analysis, leaf extracts of TRV and TRV:NbDER VIGS plants were fractionated through 15--55% sucrose density gradients. Total RNA was extracted from sucrose density gradient fractions and subjected to RNA gel blot analysis.

Results {#s16}
=======

Identification of plant DER {#s17}
---------------------------

This study carried out functional genomics to identify genes that regulate chloroplast development using TRV-based VIGS in *N. benthamiana* ([@CIT0011]; [@CIT0021]; [@CIT0018]). This screening revealed that gene silencing of *N. benthamiana* DER encoding a 651-amino-acid polypeptide caused severe leaf yellowing. The ChloroP algorithm (<http://www.cbs.dtu.dk/services/ChloroP/>, last accessed 25 October 2013) identified a chloroplast transit peptide of 60 amino acids at the N-terminus of *N. benthamiana* DER (NbDER; Genbank accession number KC846070; [Supplementary Fig. S1A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). NbDER is predicted to contain two consecutive GTP-binding domains (GD1 and GD2) and a C-terminal domain (CTD) that is similar to the K-homology domain. The amino acid sequence of NbDER was aligned with its homologous sequences from *Arabidopsis* (AtDER; At3g12080), *Zea mays* (ZmDER; ACL53683), *E. coli* (EcDER; AAC75564), *Bacillus subtilis* (YphC; AAC83966), and *Thermotoga maritima* (TmDER; AAD36514) ([Supplementary Fig. S1B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). Compared with plant DER, prokaryotic DER sequences lacked the transit peptide and the N-terminal region enriched with acidic amino acids. The strongest sequence conservation between plant and prokaryotic DER was found in the two GDs; the CTD also contained well-conserved residues ([Supplementary Fig. S1B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The sequence alignment revealed well-conserved amino acid residues called the G motifs (G1--G5) in two GDs of plant and prokaryotic DER proteins ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)).

The tertiary structure of NbDER and *Arabidopsis* DER was predicted using an automated homology modelling server \[(PS)^2^: Protein Structure Prediction Server; <http://ps2.life.nctu.edu.tw/>, last accessed 25 October 2013\] with the GDP-bound form of *B. subtilis* DER (YphC) as template ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The computational model reveals that the mature protein of *N. benthamiana* and *Arabidopsis* DER is very similar to YphC in the overall structure, except the N-terminal region that is not present in YphC. The X-ray crystal structure of *B. subtilis* YphC and *T. maritima* DER reveals that the two GDs do not directly interact with each other, but pack at either side of the CTD ([@CIT0030]; [@CIT0028]), which is also observed in plant DER proteins ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The CTD of the plant and prokaryotic DER is highly basic in amino acid composition and, despite the limited sequence homology, it shows a similar topology to that of the K-homology domain that binds to RNA ([@CIT0012]). It has been proposed that GTP binding to YphC triggers a conformational change that stimulates the interaction between the K-homology-like domain and RNA ([@CIT0028]). The predicted conserved structure of the plant and prokaryotic DER may suggest a conserved function of these proteins.

Embryonic lethality of *Arabidopsis* T-DNA knockout mutants of DER {#s18}
------------------------------------------------------------------

Knockout mutations affecting chloroplast proteins of diverse functions caused embryonic lethality ([@CIT0039]). *DER* is a single-copy gene in *Arabidopsis* genome. According to the SeedGenes Project database (<http://www.seedgenes.org/>, last accessed 25 October 2013), the *Arabidopsis der* mutants carrying a T-DNA insertion in the upstream region of the gene or in the sixth exon exhibited an embryonic lethal phenotype, designated as EMB2738. Using differential interference contrast microscopy, this study observed phenotypes during embryogenesis for three different alleles of *der* mutation with T-DNA inserted in the first exon ([Supplementary Fig. S4A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The three *der* insertion mutants all exhibited embryonic lethality, with the abnormal embryos developmentally arrested at the heart stage ([Supplementary Fig. S4B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)) or the globular stage ([Supplementary Fig. S4C](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). All of these mutants exhibited a mixture of the two embryo-defective phenotypes in a single silique. These results confirm that DER is essential for plant embryo development.

Chloroplast localization of NbDER {#s19}
---------------------------------

To investigate the subcellular localization of DER in plants, this work generated fusion proteins in which full-length NbDER protein (Met-1 to Ala-651) or its putative transit peptide (TP) (Met-1 to Ser-60) was fused to green fluorescent protein (GFP) under the control of the CaMV35S promoter to generate NbDER:GFP and TP:GFP, respectively ([Fig. 1A](#F1){ref-type="fig"}). DNA constructs encoding these GFP fusion proteins were introduced into protoplasts isolated from *N. benthamiana* seedlings, and gene expression was analysed by confocal laser scanning microscopy following the protocol described in Materials and methods. Green fluorescent signals of NbDER:GFP were detected as distinct particles within chloroplasts, whereas the TP:GFP signal was evenly distributed in chloroplasts ([Fig. 1A](#F1){ref-type="fig"}). Next, the protoplasts were co-transformed with DNA constructs encoding the fusion proteins of red fluorescent protein (RFP) with sulphite reductase (SiR:RFP; [@CIT0033]; [@CIT0021]) or RFP with a chloroplast transcription-stimulation factor (STF:RFP; [@CIT0018]) ([Fig. 1B](#F1){ref-type="fig"}). Both SiR and STF were associated with chloroplast nucleoids, but also were present in the stroma ([@CIT0033]; [@CIT0021]; [@CIT0018]). Both SiR and STF were identified as components of plastid transcriptionally active chromosomes ([@CIT0029]). The NbDER:GFP signal overlapped with the SiR:RFP and STF:RFP signals as distinct particles within chloroplasts, suggesting the association of NbDER with chloroplast nucleoids ([Fig. 1B](#F1){ref-type="fig"}). This result is consistent with a previous report that DER localizes in chloroplast nucleoid-enriched proteomes from maize leaves ([@CIT0026]).

![Chloroplast targeting of NbDER. (A) *N. benthamiana* protoplasts were transformed with GFP fusion constructs of full-length NbDER (NbDER:GFP) and its N-terminal transit peptide (TP:GFP); localization of the fluorescent signals was examined by confocal laser scanning microscopy. Chloroplasts were visualized by chlorophyll autofluorescence (pseudo-coloured blue); bars = 10 μm. (B) *N. benthamiana* protoplasts were co-transformed with NbDER:GFP and STF:RFP or with NbDER:GFP and SiR:RFP fusion constructs before observation; both SiR and STF were enriched in chloroplast nucleoids; bars = 5 μm. (C) Localization of NbDER in the stroma and thylakoid fractions of chloroplasts; intact chloroplasts, stroma, and thylakoid membranes were fractionated from *N. benthamiana* leaves agroinfiltrated with the NbDER:GFP fusion construct for expression, and subjected to Western blotting using anti-GFP antibody; D1 and rbcL are markers for thylakoid membranes and stroma, respectively.](exbotj_ert360_f0001){#F1}

NbDER localization in both stromal and thylakoid membrane fractions {#s20}
-------------------------------------------------------------------

NbDER:GFP was expressed in *N. benthamiana* leaves by agroinfiltration, and chloroplast subfractions were purified from the leaves at 2 d after infiltration. Western blot analysis with anti-GFP antibody revealed that NbDER:GFP protein was localized in both the stromal and thylakoid membrane fractions ([Fig. 1C](#F1){ref-type="fig"}). As controls, rbcL (Rubisco large subunit) was found only in the stromal fraction, whereas the D1 subunit of photosystem II was detected only in the thylakoid membrane fraction ([Fig. 1C](#F1){ref-type="fig"}).

GTPase activities of NbDER and its variants {#s21}
-------------------------------------------

To investigate the functional importance of each GTP-binding domain (GD) in NbDER, this work determined the GTPase activities of NbDER and its site-specific and deletion mutants ([Fig. 2](#F2){ref-type="fig"}). First, recombinant proteins of NbDER (lacking the N-terminal chloroplast transit peptide), PM1 (S162A mutation), PM2 (S369A mutation), PM1/2 (mutations in both S162A and S369A), GD1 (GD1), GD1PM (S162A mutation in GD1), GD2 (GD2), and GD2PM (S369A mutation in GD2) were prepared as maltose-binding protein (MBP) fusion proteins ([Fig. 2A](#F2){ref-type="fig"}, left panel). The corresponding cDNA fragments were cloned into the pMAL expression vector and expressed in *E. coli*. The recombinant MBP fusion proteins and MBP were affinity-purified using the N-terminal MBP tag, which yielded polypeptides of approximately 60--107kDa ([Fig. 2A](#F2){ref-type="fig"}, right panel). MBP:NbDER, MBP:PM1, MBP:PM2, and MBP:PM1/2 proteins were concentrated after purification. The kinetic constant (*k* ~cat~) of MBP:NbDER and other variants ([Fig. 2B](#F2){ref-type="fig"}) were determined. At steady state, the *k* ~cat~ of NbDER was 1.056min^--1^, which was comparable to the *k* ~cat~ of 1.167min^--1^ for *E. coli* DER and the *k* ~cat~ of 0.833min^--1^ for *T. maritima* DER ([@CIT0030]; [@CIT0005]). The GD1 and GD2 of NbDER showed *k* ~cat~ values of 0.429 and 0.342min^--1^, respectively. This result indicated that both GTP-binding domains possessed GTPase activity and that both domains contributed to the maximum activity of the full-length enzyme. MBP alone showed little GTPase activity.

![GTPase activity of NbDER and its variants. (A) Schematic drawings of MBP fusion proteins of NbDER and its variants (left panel), and purified recombinant proteins (right panel). Eluted proteins were visualized by Coomassie staining (fractions 1−4). After purification, MBP:NbDER, MBP:PM1, MBP:PM2, and MBP:PM1/2 proteins were further concentrated. (B) GTPase activities of recombinant NbDER and its variants; values are mean ± standard deviation of triplicate experiments.](exbotj_ert360_f0002){#F2}

A previous report showed that Ser15 in GD1 and Ser217 in GD2 were crucial residues of the phosphate-binding loop of *E. coli* DER and that expression of the DER variants containing the S16A or S217A mutation could not rescue the lethal phenotype of the *der* deletion mutant of *E. coli* ([@CIT0005]). These conserved serine residues were found in the G1 motif of GD1 and GD2 in NbDER (Ser162 and Ser369), which were subsequently mutagenized to alanine ([Fig. 2A](#F2){ref-type="fig"}). The S162A or S369A mutation in NbDER (PM1 or PM2) reduced the *k* ~cat~ values to 0.163 and 0.277min^--1^, respectively, and mutation of both residues (PM1/2) almost completely abolished the GTPase activity (*k* ~cat~ = 0.033min^--1^). These results suggest that both GTP-binding domains have a significant and cooperative impact on the GTPase activity of NbDER ([Fig. 2B](#F2){ref-type="fig"}). S162A and S369A mutations introduced into the truncated domains GD1 and GD2 (GD1PM and GD2PM) also decreased the GTPase activity of the wild-type GD1 and GD2, but the effect was less significant compared with the effects of the same mutations to the full-length NbDER ([Fig. 2B](#F2){ref-type="fig"}). These data demonstrate that both GD1 and GD2 are crucial for GTPase activity of NbDER.

VIGS phenotypes and silencing of the endogenous NbDER transcripts {#s22}
-----------------------------------------------------------------

To perform VIGS of NbDER, this work cloned three different NbDER cDNA fragments into the TRV-based VIGS vector pTV00 and infiltrated *N. benthamiana* plants with *Agrobacterium* containing these plasmids ([Fig. 3A](#F3){ref-type="fig"}). TRV:DER(2) and TRV:DER(3) contain a 305-bp and a 402-bp NbDER cDNA fragment, respectively, whereas TRV:DER(1) contains the cDNA corresponding to the full-length coding region. VIGS with each construct resulted in the same leaf-yellowing phenotype without severely affecting overall plant growth and development ([Fig. 3B](#F3){ref-type="fig"}). The colours of the affected leaf sectors in TRV:DER plants varied from pale green to yellow or white. To determine the effect of gene silencing, the amount of endogenous NbDER mRNA in the VIGS lines was measured by real-time quantitative RT-PCR ([Fig. 3C](#F3){ref-type="fig"}). Lower levels of PCR product were amplified in the yellow sectors of TRV:DER(2) and TRV:DER(3) leaves compared with that in TRV control leaves. This result suggests that NbDER is silenced in these VIGS plants.

![VIGS phenotypes, endogenous NbDER transcript levels, and chloroplast defects. (A) Schematic representation of the NbDER cDNA regions used in the VIGS constructs; the box indicates the protein-coding region of NbDER. The three VIGS constructs are marked by bars; *N. benthamiana* plants were infiltrated with *Agrobacterium* containing the TRV or TRV:DER constructs; aa, amino acids. (B) VIGS phenotypes of TRV control and three TRV:DER VIGS lines; plants were photographed 20 d after infiltration. (C) Real-time quantitative RT-PCR analyses of the NbDER transcript levels in the VIGS lines. DER-A and DER-B primers were used for the analyses; β-tubulin mRNA level was used as a control. (D) Chloroplast ultrastructure; transmission electron micrographs of leaf mesophyll cells (a, d) and chloroplasts (b, c, e, f), from TRV control (a−c) and TRV:DER(3) lines (d−f). c, chloroplasts; bars = 10 μm (a), 2 μm (d), 1 μm (b, c), and 0.5 μm (e, f).](exbotj_ert360_f0003){#F3}

Effects of NbDER silencing on chloroplasts {#s23}
------------------------------------------

Leaf protoplasts prepared from TRV control and yellow sectors of the TRV:DER(3) lines were visualized by confocal laser scanning microscopy ([Supplementary Fig. S5](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). Chloroplasts in TRV:DER(3) lines were much smaller than those in TRV control: the mean chloroplast diameter in TRV:DER(3) lines was approximately 26% of that of the control ([Supplementary Fig. S5A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1), [D](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). Chlorophyll autofluorescence in TRV:DER(3) protoplasts was not evenly distributed within chloroplasts, and its intensity was reduced to approximately 21% of that of the TRV control ([Supplementary Fig. S5A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1), [E](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). Despite their small size, TRV:DER(3) chloroplasts contained chloroplast nucleoids with significantly increased DAPI fluorescence, whereas TRV control chloroplasts exhibited chloroplast nucleoids with faint DAPI staining ([Supplementary Fig. S5B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The ultrastructure of chloroplasts was examined by transmission electron microscopy ([Fig. 3D](#F3){ref-type="fig"}). Transmission electron microscopy of transverse leaf sections in TRV control revealed well-developed chloroplasts with large starch granules ([Fig. 3D](#F3){ref-type="fig"}, panels a--c). By contrast, the yellow sector of TRV:DER(3) leaves contained small and immature chloroplasts with underdeveloped and aggregated thylakoid membranes ([Fig. 3D](#F3){ref-type="fig"}, panels d--f). The abnormal chloroplasts also lacked starch ([Fig. 3D](#F3){ref-type="fig"}, panels e and f), consistent with the lack of black pigment in NbDER VIGS leaves after iodine staining ([Supplementary Fig. S5C](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). These results demonstrate that NbDER deficiency impairs chloroplast biogenesis.

Defects in accumulation of chloroplast proteins {#s24}
-----------------------------------------------

Defects in chloroplast protein accumulation in DER-deficient plants were examined by immunoblot analyses. Equal amounts of total proteins were loaded into each lane for SDS-PAGE. Immunoblotting revealed significantly lower levels of chloroplast proteins rbcL (Rubisco large subunit), cyt f (electron transport protein), atpB (ATP synthase subunit), and D1 (PSII core subunit) in TRV:DER(2) and TRV:DER(3) lines compared with those in TRV control ([Fig. 4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"}). To determine if the depletion of the plastid-encoded proteins in TRV:DER plants was caused by defective RNA metabolism, RNA gel blot analysis was carried out with total RNA isolated from TRV and TRV:DER leaves using plastid-encoded genes as probes ([Fig. 4C](#F4){ref-type="fig"}). The ethidium bromide-stained gels of total rRNAs were shown as a control for RNA loading ([Fig. 4D](#F4){ref-type="fig"}). Steady-state transcript levels of plastid-encoded genes including *rbcL*, *psaB*, *psbA*, and *psbD* were not significantly different in TRV:DER lines compared with those in the TRV control ([Fig. 4C](#F4){ref-type="fig"}). This result suggests that the deficiency in chloroplast protein accumulation in TRV:NbDER lines may be caused by defects in translational or post-translational steps.

![Levels of plastid-encoded proteins and mRNAs. (A, B) Immunoblot analyses of chloroplast proteins (A) and quantification of these data (B); total protein (15 µg) isolated from TRV, TRV:DER(2), and TRV:DER(3) leaves was separated by SDS-PAGE and subjected to immunoblotting using antibodies against rbcL, cyt f, atpB, and D1 (A) and the relative band intensity was calculated by comparison with the band intensity of TRV control (B). (C, D) Transcript accumulation of plastid-encoded genes; RNA gel blot analysis was performed with total RNA (20 µg per lane) isolated from leaves of TRV and TRV:DER lines (C); the ethidium bromide-stained gel shows total rRNA levels (D).](exbotj_ert360_f0004){#F4}

Cofractionation of NbDER with the 50S ribosomal subunits {#s25}
--------------------------------------------------------

The link between NbDER and chloroplast ribosomes was investigated. The GFP-tagged full-length NbDER and its variants were expressed in *N. benthamiana* leaves by agroinfiltration ([Fig. 5A](#F5){ref-type="fig"}). The leaf cell extract was fractionated using a sucrose density gradient, and the collected fractions were subjected to immunoblotting with anti-GFP antibodies ([Fig. 5B](#F5){ref-type="fig"}). As a control, the same fractions were reacted with anti-RPL10 antibodies that detect the ribosomal protein L10. The full-length NbDER was detected in the fractions containing the 50S subunit, whereas ∆GD1 and ∆GD2 deletion mutants were partially fractionated with the 30S small subunit. ∆GD1/2 mutant protein that lacks both GD1 and GD2 was not incorporated into ribosome fractions. ∆CTD lacking the C-terminal domain was co-fractionated with the 30S small subunit, 50S large subunit, and 70S monosome, suggesting a lack of interaction specificity. These results suggest that NbDER is associated primarily with 50S ribosomal subunits and that the specific association depends on the contribution of multiple domains, including GD1, GD2, and CTD.

![Association of NbDER and its variants with chloroplast ribosomes. (A) Schematic drawings of GFP fusion proteins of NbDER and its variants. (B) NbDER and its variants were expressed in *N. benthamiana* leaves by agroinfiltration; sucrose density gradient fractions were analysed by immunoblotting with anti-GFP and anti-ribosomal protein L10 (RPL10) antibodies; lanes 1--27 indicate the gradient fractions from top (5%) to bottom (20%).](exbotj_ert360_f0005){#F5}

Binding activity of NbDER to ribosomal RNAs {#s26}
-------------------------------------------

The CTD of plant and bacterial DER resembles the K-homology domain, which is an RNA-binding module found in many RNA-binding proteins ([@CIT0012]). This suggests that DER may bind RNA. To test its RNA-binding activity, NbDER (without the transit peptide), NbDER lacking CTD (∆CTD), and CTD alone were fused to maltose-binding protein (MBP), expressed in *E. coli*, and purified for electrophoretic mobility shift assays ([Fig. 6](#F6){ref-type="fig"} and [Supplementary Fig. S6](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). Because NbDER is associated with the 50S subunit, this work first evaluated binding of these recombinant proteins to 23S rRNA. 23S rRNA synthesized *in vitro* was incubated with MBP:NbDER, MBP:∆CTD, and MBP:CTD, and RNA--protein complexes were resolved by agarose gel electrophoresis. Both MBP:NbDER and MBP:CTD readily formed stable RNA--protein complexes, whereas MBP:∆CTD or MBP alone failed to make the complex ([Fig. 6A](#F6){ref-type="fig"}). MBP:NbDER and MBP:CTD, but not MBP:∆CTD or MBP, also formed RNA--protein complexes with 16S rRNA synthesized *in vitro* ([Fig. 6B](#F6){ref-type="fig"}). Increasing concentrations of MBP:NbDER resulted in increased formation of the RNA--protein complexes ([Fig. 6C](#F6){ref-type="fig"}). EMSA competition assays were performed using MBP:NbDER with different ratios of radiolabelled and unlabelled 23S and 16S rRNAs ([Fig. 6D](#F6){ref-type="fig"}). Excessive amounts of the unlabelled rRNA competitors competed with the ^33^P-labelled rRNAs, suggesting the specificity of the NbDER--rRNA interaction ([Fig. 6D](#F6){ref-type="fig"}). However, none of these recombinant proteins bound to an artificial approximately 160-nucleotide-long RNA derived from the pET-22b(+) vector ([Supplementary Fig. S6](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). These results demonstrate that NbDER binds to both 23S and 16S rRNAs, but not to the sequence-nonspecific RNA.

![Binding of recombinant NbDER and its variants to 23S and 16S rRNA. (A, B) MBP:NbDER, MBP:∆CTD, and MBP:CTD fusion proteins (75 pmol) were incubated with 200ng of 23S (A) or 16S rRNA (B) in the absence or presence of GTP (100 μM); bound (asterisks) and unbound (U) RNAs were resolved on an agarose gel and visualized by ethidium bromide staining; filled circles indicate the wells of the agarose gel. (C) Increasing concentrations (25, 50, and 100 pmol) of MBP:NbDER fusion proteins were incubated with radiolabelled 23S and 16S rRNAs; bound (B) and unbound (U) RNAs were resolved on an agarose gel and radioactive RNA bands were visualized by PhosphorImager. (D) Gel-mobility shift assays were performed with or without cold competitors; 25 pmol MBP:NbDER fusion protein were incubated with different ratios of radiolabelled and unlabelled 23S and 16S rRNAs; the ratios of radiolabelled RNA:unlabelled RNA are as follows: 1:5 (lane 3), 1:20 (lane 4), 1:5 (lane 7), and 1:20 (lane 8).](exbotj_ert360_f0006){#F6}

Defective rRNA processing in NbDER-deficient chloroplasts {#s27}
---------------------------------------------------------

Defective rRNA processing is frequently observed when ribosome assembly is impaired. DER depletion in *E. coli* caused accumulation of both 23S and 16S rRNA precursor forms ([@CIT0014]). Therefore, this work examined whether rRNA expression or processing was altered in NbDER-depleted chloroplasts by using RNA gel blot analysis ([Fig. 7](#F7){ref-type="fig"}). In chloroplasts of higher plants, the ribosomal RNA (rrn) operon produces a large polycistronic primary transcript ([Fig. 7A](#F7){ref-type="fig"}). The large rRNA precursor form is processed to generate 16S rRNA, a 23S--4.5S rRNA processing intermediate, and 5S rRNA, followed by further processing of the dicistronic 23S--4.5S rRNA intermediate to produce the monocistronic 23S and 4.5S rRNAs. The cleavage of the dicistronic 23S--4.5S rRNA, which requires 3′-end maturation of 4.5S rRNA as a preceding step, is believed to occur after incorporation into ribosomes ([@CIT0004]). The 16S, 23S, and 5S rRNA precursors undergo additional processing to produce the mature forms; the 23S rRNA is cleaved into 0.5-kb, 1.0-kb, and 1.2-kb mature rRNAs ([@CIT0022]; [@CIT0036]).

![Processing of chloroplast ribosomal RNAs. (A) Schematic representation of rRNAs in the chloroplast rrn operon; dark grey boxes indicate rRNA genes and black boxes indicate tRNA genes; light grey boxes under the operon indicate positions of the PCR-amplified probes; black arrows indicate the cleavage sites of 23S rRNA that produce 0.5-kb, 1.0-kb, and 1.2-kb mature rRNAs. (B, C) RNA gel blot analysis performed with total RNA isolated from leaves of TRV, TRV:DER(2), and TRV:DER(3) lines; ethidium bromide-stained gels show total ribosomal RNAs (B); RNA gel blots (20 μg of total RNA per lane) were hybridized with different probes, as indicated in A (C); asterisks indicate the major forms of mature 23S rRNA; arrowhead indicates 23S--4.5S dicistronic processing intermediate.](exbotj_ert360_f0007){#F7}

RNA gel blot analysis with the 23S-specific probes (23S-full, 23S-1, 23S-2, and 23S-3) revealed a complex pattern of RNA bands for mature and processing forms in the TRV control, of which the 1.2-, 1.0-, and 0.5-kb bands represent the mature forms of 23S rRNA ([Fig. 7B](#F7){ref-type="fig"}, [C](#F7){ref-type="fig"} asterisks). TRV:DER chloroplasts overaccumulated the 23S processing intermediates, whereas accumulation of the mature 23S rRNA forms significantly decreased ([Fig. 7C](#F7){ref-type="fig"}). RNA gel blot analysis with the 4.5S probe revealed accumulation of the 23S--4.5S dicistronic processing intermediate ([Fig. 7C](#F7){ref-type="fig"} arrowhead) in addition to a large amount of normally processed mature 4.5S rRNA in the TRV:DER lines ([Fig. 7C](#F7){ref-type="fig"}), suggesting that the endonucleolytic processing of 4.5S rRNA from the 23S--4.5S dicistronic precursor was affected by DER deficiency, albeit weakly. Next, the probes 16S-1 and 16S-2 recognized the 16S rRNA precursor forms that accumulated in TRV:DER lines, suggesting incomplete processing of pre-16S rRNA at both the 5′ and 3′ ends. The 16S-full probe recognized only mature forms of 16S rRNA in TRV:DER lines, possibly due to much higher levels of mature RNA compared with the levels of precursor RNAs. The 5S probe identified the mature 5S rRNA with no visible accumulation of the precursor forms in the TRV:DER lines ([Fig. 7C](#F7){ref-type="fig"}). These results suggest that DER deficiency results in pleiotropic defects in the processing of chloroplast rRNAs, but primarily disrupts the processing of 23S rRNA.

Defective polysomal loading of RNA in NbDER-deficient chloroplasts {#s28}
------------------------------------------------------------------

Inactivation of DER in *E. coli* inhibited the processing of 50S ribosome assembly, resulting in accumulation of free 30S and 50S ribosomal subunits with a concomitant reduction of 70S monosomes and polysomes ([@CIT0005]; [@CIT0014]). Because impaired ribosome assembly or rRNA processing often results in abnormal polysomal loading of chloroplast RNAs in plants, this work examined the association of chloroplast RNAs with ribosomes in NbDER-deficient chloroplasts ([Fig. 8](#F8){ref-type="fig"}). Cell extracts from TRV and TRV:DER(3) leaves were sedimented through a 15--55% sucrose density gradient. Fractions were collected after centrifugation, and RNA gel blot analysis of total RNA purified from each gradient fraction was performed using the 23S and 16S rDNA probes. TRV control primarily contained mature 23S and 16S rRNA in the polysome fractions, whereas TRV:DER(3) lines contained high levels of rRNA precursors with substantially reduced amounts of the mature rRNAs in the polysome fractions ([Fig. 8A](#F8){ref-type="fig"}, [B](#F8){ref-type="fig"}). The reduced levels of mature 23S and 16S rRNAs in the polysomal fractions suggest that NbDER-deficient chloroplasts contain fewer polysomes than those in TRV chloroplasts.

![Polysomal loading of chloroplast RNA. Sucrose density gradient fractions from TRV and TRV:DER(3) lines were analysed by RNA gel blot with 23S rRNA, 16S rRNA, rbcL, psbD, and psbA probes. Lanes 1--10 indicate the gradient fractions from top (15%) to bottom (55%). RNA size markers (3.6 and 1.9kb) are indicated in each blot.](exbotj_ert360_f0008){#F8}

The polysomal loading of chloroplast-encoded mRNAs, rbcL, psbD, and psbA, was examined using RNA gel blot analyses with the corresponding probes ([Fig. 8C](#F8){ref-type="fig"}--[E](#F8){ref-type="fig"}). All the mRNAs tested were underrepresented in the polysomal fractions of TRV:DER(3) lines compared with those in TRV, indicating reduced translation of these mRNAs. These results and the observed 23S rRNA processing defects in TRV:DER lines suggest that DER deficiency affects rRNA metabolism, ribosome biogenesis, and consequently translation in chloroplasts.

Discussion {#s29}
==========

The DER family GTPases in bacteria and plants are unique among GTPases because they possess two adjacent GTP-binding domains. This work first determined how the two domains contribute to the overall GTPase activity of plant DER. The results suggested that both GTP-binding domains were required for the full GTPase activity of NbDER ([Fig. 2](#F2){ref-type="fig"}). The S162A mutation in GD1 and the S369A mutation in GD2 reduced the GTPase activity to 15.4% and 26.2% of that in controls, and the double mutation of S162A and S369A almost abolished GTPase activity. These results indicate positive cooperativity between these two domains. Consistently, in *E. coli*, S16A and S217A mutations (corresponding to S162A and S369A mutations of *N. benthamiana* DER) in GD1 and GD2 reduced the GTPase activity of DER to 28.6% and 30% of the full activity, respectively ([@CIT0005]). Furthermore, *E. coli* DER containing both S16A and S217A mutations could not rescue the lethal phenotype of the conditional *der* null mutant, indicating that GTPase activities of both domains are crucial for its *in vivo* functions ([@CIT0005]). However, when *E. coli* cells were grown at high temperature (42 °C), either one of the two GDs of DER was sufficient for cell viability, suggesting that high temperature facilitates a DER-mediated step during ribosome biogenesis (Hwang and Inoue, 2006). The crystal structure of *T. maritima* DER (TmDER) revealed that those serine residues were localized in the G1 motif and positioned in the active site to form hydrogen bonds with two free phosphates of GTP ([@CIT0030]).

In this study, computational modelling suggested structural conservation between the plant and bacterial DER GTPases despite their low sequence homology ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)). The 2.5-Å resolution crystal structure of *B. subtilis* YphC (DER)/GDP complex showed that the two GTP-binding domains pack against the K-homology-like C-terminal domain ([@CIT0028]), consistent with the result from TmDER ([@CIT0030]). Changes in the switch II region (G3 motif) associated with nucleotide binding result in dramatic movements of GD1, exposing a positively charged surface that extends over the CTD and GD2. This large, positively charged patch has been implicated in interaction with the negatively charged RNA of the ribosome ([@CIT0028]). Indeed, *E. coli* DER binds to both 23S and 16S rRNAs *in vitro* (data not shown), consistent with the finding that NbDER binds to both 23S and 16S rRNAs, but not to the vector-driven artificial RNA ([Fig. 6](#F6){ref-type="fig"} and [Supplementary Fig. S6](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1)).

Ribosome biogenesis is a very complex procedure that involves a series of events such as rRNA processing, chemical modification of rRNAs and ribosomal proteins, ordered assembly of the ribosomal components, and maturation. *In vitro* reconstitution experiments of ribosome subunits and *in vivo* studies have resulted in an assembly map of the 30S and 50S subunits in *E. coli* ([@CIT0020]). Although the ribosome subunits can be reconstituted *in vitro* without exogenous factors, the procedure is slow and requires heating steps. In a cell, exogenous factors such as RNA helicases, RNA chaperones, and ribosome-associated GTPases are employed to facilitate ribosome assembly. Chloroplast ribosomes are similar to those of bacteria, consistent with the hypothesis that chloroplasts have endosymbiotic origins. Many ribosome assembly/maturation factors, including the ribosome-associated GTPases, are conserved between chloroplasts and bacteria.

Previous studies in *E. coli* showed that mutations in ribosome-associated GTPases resulted primarily in defects in ribosome assembly and cell death. These mutants commonly showed reduced levels of 70S monosomes in the cell due to improper assembly of individual subunits, indicating that the GTPases provide essential functions for ribosome assembly. DER GTPase interacted specifically with 50S ribosomal subunits and DER deficiency led to accumulation of both 50S and 30S subunits with decreased 70S monosomes and polysomes ([@CIT0014]). At low Mg^2+^ concentrations, the *der* mutant contained aberrant 50S subunits that disintegrated into 40S subunits, whereas the assembly of 30S subunits was normal. These data indicate that DER is a novel 50S subunit-associated factor involved in 50S ribosomal biogenesis in *E. coli* ([@CIT0014]). The present results suggest that plant and bacterial DER share conserved protein characteristics and functions. Plant DER is predicted to have a very similar protein structure as that of bacterial DER, it is associated primarily with the 50S ribosome subunit, and its depletion leads to defects in chloroplast rRNA processing and polysomal loading of chloroplast RNAs, suggesting a role for plant DER in chloroplast ribosome biogenesis. However, it is still unclear at the molecular level how plant DER participates in ribosome biogenesis in chloroplasts. DER may play a direct role in recruiting ribosomal proteins during ribosome assembly; the yeast Lsg1p ribosome-associated GTPase recruits Rpl10p into the 60S subunit ([@CIT0013]). Alternatively, DER may recruit or regulate other assembly factors, such as RNA helicases and rRNA processing factors. Yeast Bsm1p GTPase plays a direct role in recruiting an essential ribosome assembly factor Rcl1 that performs pre-rRNA processing during ribosome maturation ([@CIT0044]). Overexpression of *E. coli* DER suppressed the null phenotype of the *E. coli* rrmJ deletion mutant, which lacks a methyltransferase involved in modification of the U2552 residue of 23S rRNA in the 50S ribosomal subunit ([@CIT0038]). This genetic evidence implies that DER is a ribosome assembly factor that acts late in biogenesis.

NbDER-depleted chloroplasts exhibited accumulation of the rRNA processing intermediates including the dicistronic 23S--4.5S rRNA precursor and the 16S pre-rRNAs ([Fig. 7](#F7){ref-type="fig"}). Similarly, the *E. coli der* mutant accumulated both 23S and 16S rRNA precursors, although it was suggested that defective 16S rRNA processing was a secondary effect of depleted 50S subunits ([@CIT0014]). There is evidence that the final maturation of the chloroplast 23S rRNA occurs after ribosome assembly ([@CIT0004]; [@CIT0006]). Ribosomal RNA maturation in *E. coli* appears to depend on translation and it has been proposed that rRNA maturation is part of quality control of newly assembled ribosomes ([@CIT0035]; [@CIT0020]). Defective rRNA processing in chloroplasts was observed in response to mutations in ribonucleases that were directly involved in rRNA maturation, such as polynucleotide phosphorylase and RNase R homologue 1 ([@CIT0042]; [@CIT0006]). However, mutations that affected ribosome assembly or translation (e.g. a mutation in RNC1 encoding a splicing factor for chloroplast ribosomal protein mRNAs and tRNAs) also resulted in accumulation of rRNA processing intermediates ([@CIT0043]). Further investigations are required to determine whether rRNA maturation and protein synthesis are interdependent in chloroplasts.

It is intriguing that many ribosome-associated GTPases, including DER, function late in the biogenesis process ([@CIT0007]; [@CIT0040]). It has been proposed that these GTPases may serve as internal checkpoints by linking ribosome assembly with intracellular GTP concentrations ([@CIT0007]). Low GTP levels are associated with nutrient deficiency; therefore, by sensing GTP levels, the ribosome-associated GTPases may sense nutrient or energy stress and halt further ribosome assembly. When the availability of amino acids decreases under a threshold level, a complex cellular process termed the stringent response becomes activated in *E. coli* ([@CIT0009]). The hallmark of the stringent response is the accumulation of the second messenger (p)ppGpp, which leads to rapid transcriptional inhibition of rRNA and ribosomal protein genes ([@CIT0025]). Overexpression of (p)ppGpp suppresses the growth defect of the *E. coli der* (N321D) mutant, indicating that (p)ppGpp may regulate DER function under stress conditions ([@CIT0015]). This result is intriguing, considering that the bacterial ppGpp is identified in chloroplasts of plant cells ([@CIT0037]). ppGpp levels in chloroplasts increase dramatically in response to diverse abiotic and biotic stresses. Furthermore, addition of ppGpp inhibits chloroplast RNA polymerase activity *in vitro*, suggesting the existence of a bacterial-type stringent response in plants ([@CIT0032]). It will be interesting to determine whether plant DER plays a role in rapid regulation of ribosome assembly in response to elevated ppGpp levels in chloroplasts.

Supplementary material {#s30}
======================

Supplementary data are available at *JXB* online.

[Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1). Protein structure of NbDER and sequence alignment with plant and bacterial DER proteins.

[Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1). Comparison of GD1 and GD2 sequences among DER homologues.

[Supplementary Fig. S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert360/-/DC1). Computational modelling of plant DER.
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